Proper as well as under-and over-oxided CoFe− AlO x − CoFe magnetic tunnel junctions (MTJs) have been systematically investigated in a frequency range from 10 2 to 10 8 Hz by complex capacitance spectroscopy. The dielectric relaxation behavior of the MTJs remarkably disobeys the typical Cole-Cole arc law probably due to the existence of imperfectly blocked Schottky barrier in the metal-insulator interface. The dielectric relaxation response can be successfully modeled on the basis of Debye relaxation by incorporating an interfacial dielectric contribution. In addition, complex capacitance spectroscopy demonstrates significant sensitivity to the oxidation process of metallic Al layers, i.e., almost a fingerprint of under, proper, and over oxidation. Research on ferromagnet-oxide-ferromagnet ͑F-O-F͒ structures has been extensively studied because of potential applications for nonvolatile magnetic random access memory and high density magnetic recording.
Research on ferromagnet-oxide-ferromagnet ͑F-O-F͒ structures has been extensively studied because of potential applications for nonvolatile magnetic random access memory and high density magnetic recording. [1] [2] [3] [4] [5] One of the key challenges in fabricating a reliable MTJ is to produce a proper, ultrathin oxidation layer. The oxidation layer of a MTJ is generally created by oxygen plasma exposure after deposition of metallic Al layers. It is very critical that the oxidation process is carried out in a precise manner because under oxidation (with unnecessary Al layer) and over oxidation (with additional oxidation upon bottom electrode) often reduce the spin-polarization tunnel current. Several techniques such as transmission electron microscopy (TEM), 6 dynamic conductance analysis, 7 time-resolved optical method, 8 photoconductance, 9 and impedance spectroscopy, 10 have been employed to inspect the oxidation process of Al layers. However, most of these techniques require complicated sample preparation process or use tedious analyzing methods. It is important to develop a simple, reliable and fast method to characterize the oxidation process of Al layers. In this letter, we demonstrate a technique based on complex capacitance spectroscopy to probe the oxidation process of Al layers of CoFe-AlO x -CoFe MTJs. The dielectric relaxation behavior of the MTJs is analyzed by including the dielectric contribution of a Schottky barrier with imperfectly blocking characteristic 11 in addition to the framework of Debye-type relaxation. The results signify the imperfectly blocked characteristic dominates the ac transport process at F-O-F interfaces of MTJs.
MTJs of CoFe͑25 nm͒ / AlO x ͑2.5 nm͒ / CoFe͑10 nm͒ were prepared on glass substrates by a dual ion-beam sputter system with a base pressure of 5 ϫ 10 −7 Torr. The AlO the over oxidation results in the degradation of the bottom CoFe electrode. Figure 2 shows the Cole-Cole diagrams, i.e., the imaginary part of capacitance CЉ͑f͒ versus the real part CЈ͑f͒, of the under-, proper-, and over-oxidized MTJs. It can be noticed that the Cole-Cole plots of all MTJs consist of arcs and a steeply increasing tail in the low frequency regime, which apparently disobey the typical Cole-Cole arc law. Two types of dielectric response can be utilized to model the complex capacitance spectroscopy. 12 The first type describes a dielectric loss capacitor (with only rotation of dipoles) which does not pass a dc current. This type of dielectric response to a F-O-F structure may be related to a bulk oxide layer. The results can be explained by a simple Debye-type relaxation, leading to a typical Cole-Cole semicircle. 13 The second type of dielectric response is attributed to a conduction loss capacitor (with actual flow of charges through the oxide layer) which can be modeled by a set of frequency-independent resistance ͑R͒ and capacitance ͑C͒ in parallel. The similarity of this behavior with parallel RC model to a MTJ may be referred to the Schottky barrier with imperfectly blocking characteristic between the interfaces of metal and ultrathin oxide layer. In this case, the dependence of CЉ͑f͒ on CЈ͑f͒ reveals a characteristic of a steeply rising tail, as shown in Fig. 2 , in marked contrast to the Cole-Cole semicircle dependence for a dielectric loss capacitor.
In this work, the Debye-type relaxation modified with imperfectly blocked interfacial relaxation is employed to model the complex capacitance spectroscopy of the MTJs. Depending on the oxidation condition, the complex capacitance ͓C͑f͒ = CЈ͑f͒ + iCЉ͑f͔͒ can be described by the following model as:
where the ⌬C 1 and ⌬C 2 are the dielectric strength due to dielectric response from AlO x and CoFeO x , respectively; C 1ϱ and C 2ϱ are the capacitance at infinite frequency; f AlO x and f CoFeO x are the corresponding relaxation frequencies; R s and C s describe the Schottky barrier resistance and capacitance with imperfectly blocking characteristic. The last two terms in Eqs.
(1) and (2) represent the interfacial dielectric relaxation in contrast to the former terms related to the bulk dielectric relaxation. For the sake of analysis, we introduce a frequency-independent parameter C ϱ to simplify Eqs. (1) and (2), i.e., C ϱ = C 1ϱ + C s for Eq. (1) and C ϱ = C 1ϱ + C 2ϱ + C s for Eq. (2). The fitting parameters in Eqs.
(1) and (2) become C ϱ , ⌬C 1 , ⌬C 2 , R s , f AlO x and f CoFeO x . For under-and proper-oxidation condition ͑t ox Ͻ 100 s͒, the complex capacitance contribution from the bulk AlO x and metal-AlO x interfaces can be modeled by Eq. (1). For over-oxidation condition ͑t ox ജ 100 s͒, the additional bulk contribution is included due to the over oxidation of the bottom CoFe layer, as shown in Eq. (2). For convenience of the readers, the fitting parameters are summarized in Table I . Several important features of the fitting results are discussed as follows. First, the f AlO x shifts toward lower frequency and gradually approaches to a constant as Al oxidation time increases. This may be attributed to the increase of oxygen content in the AlO x layer with increasing Al oxidation time. Second, the dependence of R s on oxidation time basically follows the same tendency as that of the dc junction resistance shown in Fig. 1 . This result reflects that the interfacial conduction loss dominates the ac transport property of MTJs with respect to the contribution of bulk dielectric. Finally, the order of f AlO x for t ox = 30 s is comparable to the order of f CoFeO x for t ox = 100, 120 and 130 s. This result likely implies the bottom CoFe electrode is still situated in the early stage of oxidation for t ox = 100-130 s.
The complex capacitance spectroscopy in the type of Cole-Cole plot demonstrates significant sensitivity to characterize the oxidation process of Al layers of MTJs. For the under-oxidized junctions (t ox = 30 and 50 s), an obvious arc, approximately half of a semicircle, and a rapidly rising tail characterize the under-oxidation junctions, as shown in Fig.  2(a) . For the proper-oxidized junction ͑t ox =80 s͒, a concave curve appears at the intersection of the arc and the rising tail. On the other hand, two separate arcs appear for the slightly over-oxidized junction ͑t ox = 100 s͒ and the over-oxidized junctions (t ox = 120 and 130 s), as displayed in Figs. 2(b) and 2(c). The appearance or disappearance of the concave may be understood by analysis of the key parameters f AlO x , R s and ⌬C 1 . For under-oxidation ͑t ox =50 s͒ and proper-oxidation ͑t ox =80 s͒ junctions, the variations of f AlO x and ⌬C 1 are almost negligible in comparison to the variation of R s , as shown in Table I . This indicates similar quality of tunnel barrier has been observed for t ox = 50 and 80 s. But there are different interfacial conditions due to the contribution from Al-AlO x and CoFe-AlO x interfaces for under and proper oxidation, respectively. On the other hand, the variations of f AlO x and ⌬C 1 are considerable compared to variation of R s for proper-oxidation ͑t ox =80 s͒ and slightly over-oxidation ͑t ox = 100 s͒ junctions. This may be attributed to the change of tunnel barrier quality due to increasing incorporation of oxygen in AlO x , which eventually leads to slight oxidation of the bottom electrode.
In comparsion to the complex capacitance spectroscopy, we also measure the complex impedance ͓Z͑f͒ = R͑f͒ + iX͑f͔͒ spectroscopy of the same MTJs, as represented by Nyquist diagrams shown in Fig. 3 . It is noticed that all of the Nyquist diagrams deviate from one complete semicircle and seem to consist of a small semicircle in high frequency as well as a large semicircle in low frequency. Obviously, the complex impedance spectroscopy lacks the sensitivity to identify the oxidation process of Al layers. TEM is another useful tool that has been extensively utilized to probe the tunnel barrier of MTJs. In the early and late stages of oxidation, a rapid increase of barrier thickness can often be observed by TEM, thus, the under and over oxidation can be identified. It is difficult, however, to distinguish the proper oxidation from slightly under or over oxidation by TEM. 10 The visualized area of TEM may often be localized and cannot represent the whole junction. In contrast, complex capacitance spectroscopy can be applied as a fast and simple technique to probe the oxidation condition of Al layers for MTJs fabrication.
To summarize, we have studied the ac transport properties of MTJs with under, proper, and over oxidation by complex capacitance spectroscopy. The complex capacitance has been modeled with the imperfectly blocked Schottky dielectric relaxation in addition to the simple Debye relaxation. This result signifies an intrinsic conduction loss dielectric response in metal-oxide Schottky barrier of MTJs. We demonstrate that the complex capacitance is extremely sensitive to the oxidation process of AlO x -based magnetic tunnel junctions. The potency of this technique is to accurately distinguish the proper from slightly under and over oxidation with respect to the other techniques. Indeed, complex capacitance spectroscopy is almost a fingerprint of the Al oxidation process of MTJs. This technique could be very useful to study any metal-insulator-metal system.
